INTRODUCTION
may be encountered in niches on or within plant hosts. For example, the exclusion of preformed or induced antimicrobial substances of plant origin probably contributes to the ability of pathogenic bacteria to parasitize plants. LPS-defective mutants show increased in vitro sensitivity to antibiotics and antimicrobial peptides and, upon introduction into susceptible plants, the numbers of viable bacteria often decline very rapidly. [1] [2] [3] [4] [5] [6] LPS may also promote bacterial attachment to plant surfaces. [7] [8] [9] Conversely, perception of LPS by plant cells can lead to the direct triggering of defence responses or to the priming of the plant to respond more rapidly and/or to a greater degree to subsequent pathogen challenge. These induced responses presumably act to eliminate or contain potential pathogens. The ability of plants to recognize LPS and the consequences of this recognition for plant-microbe interactions are subjects of considerable current interest. 6, [10] [11] [12] [13] Here, we review the current state of knowledge in this area. We begin with a brief overview of defence responses in plants and of the structures of LPS from plant-associated bacteria. We then discuss the effects of LPS on the triggering or priming of plant defence responses and what is known about the structures within LPS responsible for these effects. Finally, we review the limited data on signal transduction following LPS perception and discuss the possible nature of the (as yet unidentified) LPS receptors in plants.
Induced defence-related responses in plants
Plants respond to attack by potential pathogens by induction of a range of responses that include the production of reactive oxygen species (the oxidative burst), production of reactive nitrogen species such as NO, alterations in the plant cell wall, induction of antimicrobial compounds (phytoalexins) and the synthesis of pathogenesis-related (PR) proteins. [14] [15] [16] Reactive oxygen species can: (i) have direct antimicrobial effects; (ii) act in signalling; and (iii) drive oxidative cross-linking of polymers in the plant cell wall to strengthen it against degradation and to restrict pathogen spread. NO can also have a role in plant signalling for defence. Other alterations in the plant wall, in addition to cross-linking of existing plant cell wall polymers, include the deposition of the polyphenolic lignin and the β-(1-3) linked glucan callose. Phytoalexins are antimicrobial compounds of diverse chemical classes that are absent in healthy plants but induced upon infection. PR proteins comprise a number of families that include enzymes, such as chitinase and β-(1-3)-glucanase, which can directly attack pathogen structures, antimicrobial peptides and small proteins, and PR1, which is of unknown function. Resistance of plants to attempted microbial attack is usually associated with more rapid and more intense induc-tion of these responses, which also occur in susceptible plants at later stages of disease. In many but not all cases, the introduction of pathogenic bacteria into a plant in which they do not normally cause disease leads to a programmed cell death response called the hypersensitive response (HR). 17 This is characterized by a confluent collapse of the tissue in the area of bacterial inoculation, which eventually becomes necrotic. This programmed cell-death response serves to contain and eliminate the pathogen.
An intense research effort has been aimed at understanding the molecular bases of the triggering of these different defence responses. An emerging view is that the oxidative burst, nitric oxide generation, cell-wall alterations and PR protein induction are basal defences that are induced by pathogen surface-derived molecules such as LPS and bacterial flagellin. [18] [19] [20] This is analogous to the innate immune system in vertebrate and invertebrate organisms, where the term pathogen-associated molecular patterns (PAMPs) was introduced to describe the molecules recognized. 10 Since PAMPs are molecules found in both pathogenic and non-pathogenic microbes, the use of the alternative term microbe-associated molecular pattern (MAMP) has been suggested. 21 MAMPs are usually indispensable for microbial fitness and have molecular structures that are shared by many related microbes but not with their host. In addition to LPS and flagellin, [18] [19] [20] basal defences in plants can also be induced by other bacterial molecules such as Ef-Tu elongation factor, 22 certain enzymes and by the products of enzymatic digestion of plant cell wall polysaccharides. 23 In order to be successful, pathogenic bacteria must either suppress or fail to elicit basal defences. A key strategy is the delivery into the plant cell of effector proteins via type III-secretion systems. These effectors function to suppress basal defences and to alter host metabolism in order to promote disease. 24 However, in some plants or plant varieties, certain effectors are specifically recognised by plant receptors, resulting in the triggering of the HR defence response. 24 In this case, specific recognition, leading to HR-associated resistance, is superimposed on basal defence responses, triggered by MAMPs and other 'general' elicitors.
All of the above responses are mounted in a localised fashion. However, plants can also exhibit systemic resistance responses, of which the best-characterised are systemic acquired resistance (SAR) and induced systemic resistance (ISR). 25, 26 Development of HR in the lower leaves of plants can lead to the activation of PR gene expression in the upper leaves. This is the SAR response, in which the plant phenolic salicylic acid plays a key role in signalling. In contrast, inoculation of the roots of plants with beneficial Pseudomonas spp. can lead to increased resistance in the leaves. This is the ISR response, which differs from SAR in that it does not require necrosis at the site of inoculation of bacteria, that it is not associated with the induction of PR proteins and is dependent on jasmonic acid and ethylene as signalling molecules, rather than salicylic acid. As we will see below, LPS is associated with the induction of ISR.
Structures of LPS from plant-associated bacteria
LPSs constitute the major components (about 75%, estimated at 10 5 molecules/mm 2 ) of the outer leaflet of the external membrane of Gram-negative bacteria. These heat-stable complex amphiphilic macromolecules are exposed toward the external environment, and consequently play an essential role in bacterial adaptation to the external surroundings. In order to understand, at a molecular level, the numerous and diverse functions of LPSs in bacterial-host interactions, it is obviously mandatory to start from their primary chemical structure.
LPSs are built up according to a general structural architecture ( Fig. 1 ) consisting of a hydrophilic heteropolysaccharide (formed by core oligosaccharide and, in most cases, O-specific polysaccharide or O-chain) covalently linked to a lipophilic moiety termed lipid A, which is embedded in the outer leaflet and anchors these macromolecules to the membrane through electrostatic and hydrophobic interactions. LPSs not containing an O-chain are termed rough (R-) LPS or lipooligosaccharide (LOS). LOSs are found in laboratory strains possessing mutations in the genes encoding the O-specific polysaccharide biosynthesis or transfer functions but also occur, together with LPSs, in wild-type strains. 27 Lipid A possesses a rather conserved structure usually consisting of a β-(1-6)-glucosamine (GlcN) disaccharide backbone phosphorylated at positions 1 and 4′ and acylated with primary 3-hydroxy fatty acids at positions 2 and 3 of both glucosamine residues; the hydroxyl groups of the primary fatty acids can be further acylated by secondary acyl moieties. In rare cases, 2,3-diamino-2,3-dideoxyglucosamine replaces the GlcN in the carbohydrate backbone of the lipid A. 28, 29 In the core oligosaccharide, an inner and outer region are often distinguished: the inner core, proximal to the lipid A, consists of typical monosaccharide residues as 3-deoxy-D-manno-oct-2-ulopyranosonic acid (Kdo) and heptoses, often carrying negatively charged groups. Kdo is attached to the GlcN II of the lipid A backbone and is the first sugar of the core oligosaccharide. The outer core region is more variable and may comprise common hexoses and hexosamines, but also heptoses or rather unusual sugars may occur. 30, 31 Interestingly, the general architecture described above and shown in Figure 1 is maintained by both plant-and animal-associated bacteria and by pathogenic, commensal and symbiotic organisms. Another general structural feature of all LPSs or LOSs is their size heterogeneity due to the number of the repeating units constituting the O-chains and the number of acyl residues on lipid A. In addition, chemical heterogeneity due to the presence of non-stoichiometric decorations, which can include mono-and oligosaccharides and/or different type of acyl residue, can often occur. Consequently, it is more appropriate to consider LPS or LOS as families of compounds rather than a single molecular species. Despite this heterogeneity, the current chemical analytical approaches, integrated with state-of-art methodologies such as nuclear magnetic resonance 32 and soft ionisation mass spectrometry techniques 33 allow elucidation of the primary chemical structure of these macromolecular families with a high degree of resolution and confidence.
Structural analysis of LPS originally focused on the Ochain moiety, as this is the major component. More recently, the increase of the sensitivity of analytical approaches has allowed the structural elucidation of the core oligosaccharide and lipid A moieties. The main attention has been on structural analysis of the LPSs from human pathogens and, by comparison, relatively few plant-associated bacteria have so far been studied. Nevertheless, there is structural information on LPS from a range of plant-associated bacteria including pathogens in the genera Pseudomonas, Xanthomonas, Burkholderia and Agrobacterium, symbiotic Rhizobiaceae, and beneficial Pseudomonas spp. such as P. fluorescens. 34 This body of work has revealed some commonalities of structure, as well as some remarkable variations in the core and lipid A moieties, which may be related to the different types of interaction that these bacteria have with plants.
An earlier review on O-chain structures of LPS from phytopathogenic bacteria 34 revealed a high frequency in the saccharide backbone of the rhamnan structural motif: trisaccharide was synthesized and oligomerized to obtain hexa-and nonasaccharides. These oligosaccharides were able to induce defence-related responses in plants (see below), suggesting that this widely present molecular pattern is recognised by the plant innate immunity system as a MAMP. However, the role of the monosaccharide branches in modulating such recognition has yet to be investigated. The same synthetic approach is being taken to investigate the potential recognition by plants of other O-antigen structures.
In comparison to the O-antigen, very few structures of the core region of LPS from plant-associated bacteria have been reported. A number of these core structures show unusual or remarkable features. LOS of Xanthomonas campestris pv. campestris possesses an inner core region that carries anionic substituents which are located on Kdo and the adjacent α-mannose residue; the Kdo residue carries an α-galacturonyl-phosphate group whereas the adjacent α-mannose is substituted by a second α-galacturonyl phosphate or, alternatively, by a phosphoramide group. 35 This was the first report of the presence of a phosphoramide group in any bacterial LPS and only the second report of its occurrence in nature as a component of a biomolecule, having been previously described as a constituent of the capsular polysaccharide of Campylobacter jejuni. A second example of an unusual core structure is that of the lipopolysaccharide isolated from a rough strain of the phytopathogen Pseudomonas syringae pv. phaseolicola, GSPB 711. 36 This LOS comprises two highly phosphorylated core glycoforms terminating with either L-rhamnose or Kdo, respectively.
Both LOS forms described above have a number of negatively-charged substituents in close proximity to the lipid A-core region. The presence of such negatively charged substituents is functionally important for intermolecular associations by cross-linking of divalent cations. This electrostatic interaction contributes to enhance the stability of the external bacterial membrane with the formation of a strong, rigid and protective barrier. 27 The determination of further core oligosaccharide structures of plant-associated bacteria should reveal whether such structural features are restricted to LOS from plant pathogens or are found more widely.
The lipid A region represents the most conserved chemical structure within the LPS molecule and retains its general architecture within the same genus irrespective of the life-style of the different species. A good example of this conservation is found in the genus Burkholderia, which comprises more than 30 species including animal and plant pathogens. Burkholderia spp. inhabit diverse ecological niches and have been isolated from soil, water, plants, insects, industrial settings, hospital environments and from infected humans. Recently, Burkholderia spp. have emerged as problematic oppor-tunistic pathogens in cystic fibrosis (CF) patients and immunocompromised individuals. 37 From a chemical point of view, LPSs from all Burkholderia spp. possess a lipid A skeleton that varies only by the amount of 4amino-4-deoxy-L-arabinopyranose (ArapN) residues and by slightly different acylation patterns. 38 Thus, it appears that the many chemical species of lipid A found in the genus Burkholderia share a common lipid A biosynthetic pathway. The predominant production of a specific lipid A moiety in a particular species may confer an advantage for the organism in colonization of a particular environmental niche that may be, for example, a eukaryotic host. Furthermore, it is possible that the host environment may act as a cue to induce preferential biosynthesis of particular lipid A moieties, with consequent benefit for the bacterium.
Alterations in lipid A or other structures within LPS are known to occur during symbiotic interactions with plants 39 and in response to compounds in plant root exudates 40 and may occur during plant pathogenesis. These alterations may serve both to increase the resistance of the bacteria against host defences and to attenuate the activity of lipid A or LPS in triggering those defences. Regulated palmitoylation of lipid A has been shown to have such a dual role in the pathogenesis of bacterial pathogens of mammals. 41, 42 Palmitoylation occurs by transfer of a palmitate chain from a phospholipid to lipid A catalysed by an outer membrane enzyme PagP. Homologues of pagP occur in the plant pathogens Erwinia chrysanthemi and Erwinia carotovora, although it is not yet known whether they have a role in virulence. 42 Although a general conservation of lipid A structure is seen between many plant-associated bacteria, considerable divergence of structure occurs within the Rhizobiaceae. Lipid A from Sinorhizobium meliloti comprises two β-(1-6) linked glucosamine residues, with two phosphate substitutions and up to four acyl primary substitutions. 43 A long chain fatty acid, 27-hydroxyoctacosanoate (27-OH-28:0), is present and attached as secondary acyl substituent. In marked contrast, LPS from Rhizobium leguminosarum and R. etli contain an unusual lipid A in which a galacturonic acid residue is present at O-4 of non-reducing GlcN, a 2-aminogluconate residue replaces the anomeric phosphate group and a long chain secondary fatty acid is present at the non-reducing GlcN. 44 Furthermore, the core region of LPS in these latter bacteria lacks heptose residues. More recent attention has focused on other Rhizobiaceae within the genus Agrobacterium. Agrobacterium LPS contains a lipid A similar to the one found in Rhizobium, but aldonic acid is absent. 45 Moreover, the inner core possesses a novel kind of carbohydrate backbone with highly branched Kdo residues that are assembled in a unique fashion. 46 
LPS acts as a MAMP to induce basal defences in plants
There are a number of reports detailing the effects of LPS on the induction of basal plant defences (see Table  1 ). LPS preparations from a number of bacteria induced NO synthesis in suspension cultures and leaves of Arabidopsis thaliana. 47 This common effect of LPS from diverse bacteria suggested the involvement of a shared molecular determinant, the lipid A moiety, and indeed isolated lipid A was also active. Intriguingly, LPS did not activate the pathogen-inducible varP nitric oxide synthase (NOS), but activated AtNOS1, described previously as a distinct NOS associated with hormonal signalling in plants. 47, 48 AtNOS1 mutants showed dramatically increased susceptibility to the Arabidopsis pathogen Pseudomonas syringae pv. tomato DC3000, indicating a role for AtNOS1 in pathogen resistance. 47 There is, however, some controversy concerning the precise role of AtNOS1 in NO synthesis. [49] [50] [51] LPS also activated accumulation of transcript of defence-related genes including PR-1, an effect mediated by NO. 47, 52 LPS can also induce the production of active oxygen species, 53-58 although this is not always observed. 6, 59 LPS from a number of bacteria can induce an oxidative burst and the expression of defence related genes in rice suspension cells. 58 These effects are associated with the induction of a programmed cell death response. LPS from Xanthomonas campestris pv. campestris induced an oxidative burst in cells of the non-host plant tobacco 54 although no effects were seen in cultured soybean cells. 6 In cultured tobacco cells, LPS from Burkholderia cepacia induced a gene encoding superoxide dismutase, involved in the production of hydrogen peroxide, as well as a number of genes encoding proteins with roles in the recognition of type III-secreted effectors, recognition of viral proteins and a receptor-like protein kinase of unknown function. 55 This activation of additional surveillance mechanisms may be related to the ability of LPS from different sources to potentiate defence responses activated upon subsequent pathogen challenge. This topic will be addressed more fully below.
Effects of LPS on cell-wall alterations and PR gene induction have also been reported. An LPS preparation from the pepper pathogen X. campestris pv. vesicatoria induced cell-wall alterations and the deposition of phenolics and callose in papillae in pepper. 60 Similar changes were seen in response to a mutant that was unable to deliver type III-secreted effectors. 60 These cell wall and other structural changes were suppressed by the wild-type X. campestris pv. vesicatoria, supporting the contention that type III-secreted effectors suppress basal defences (see above). Lipooligosaccharides from Xanthomonas campestris pv. campestris induced expression of the defence-related genes PR1 and PR2 in Arabidopsis thaliana. 35 In some cases, specific effects of a particular LPS on plant gene induction are observed. In turnip (Brassica campestris), LOS of the turnip pathogen Xanthomonas campestris pv. campestris induced expression of a gene encoding a defence-related β-(1-3) glucanase when applied to leaves at 1 µg/ml. 61 In contrast, LOS of Escherichia coli and Salmonella enterica sv. minnesota were ineffective at concentrations up to 50 µg/ml. Nevertheless, LPS from these enteric bacteria can elicit defence-related gene induction (and other effects) in different plants at 50 µg/ml (Table 1 ). Such specific effects may reflect the ability of particular plants to recognise structural features within LPS that are not widely conserved.
LPS acts to potentiate plant defence responses
In a number of cases, LPS does not act in direct induction of plant defence responses, but increases the speed and/or degree of induction upon subsequent pathogen inoculation. 62 This potentiation or priming is also seen with a number of other biological agents and synthetic compounds. 63 Application of LPS and other MAMPs to plants can lead to increased expression of surveillance systems for bacterial type III-secreted effectors and viral proteins. 55 This may prime the plant to mount enhanced or more rapid defences in response to subsequent challenge with a range of pathogens. LPS from X. campestris pv. campestris and Salmonella enterica sv. minnesota potentiates the expression of genes for acidic and basic β-(1-3) glucanase and P6 (a PR1 homologue) in leaves of pepper responding to X. campestris pv. campestris. 62 The molecular basis of these effects is, however, unknown. The resistance of pepper to X. campestris pv. campestris is also associated with the synthesis of the hydroxycinnamoyl-tyramine conjugates feruloyl tyramine (FT) and p-coumaroyl tyramine (CT). 64 These compounds have antimicrobial activity and can also be cross-linked into the plant wall to strengthen it. LPS from X. campestris pv. campestris and Salmonella enterica sv. minnesota acts to potentiate the accumulation of these compounds occurring in response to subsequent pathogen inoculation. 62 Some mechanistic aspects of the potentiation of CT and FT synthesis have emerged. These conjugates are synthesized by the condensation of coumaroyl-CoA and feruloyl-CoA, which are derived via the phenylpropanoid pathway, with tyramine, which is derived from tyrosine by the enzyme tyrosine decarboxylase (TyDC). This condensation reaction is catalyzed by the enzyme tyramine hydroxycinnamoyl transferase (THT). In pepper, induction of CT and FT synthesis by X. campestris pv. campestris is accompanied by a transient increase in the transcriptional activity of the genes encoding THT and phenylalanine ammonia lyase (PAL), which catalyzes the first step in the phenylpropanoid pathway, and an increase in TyDC enzymatic activity. 58 Treatment of pepper with LPS alone leads to an increase in THT transcription and an increase in activity of TyDC but no demonstrable effect on transcription of PAL. Upon subsequent inoculation with X. campestris pv. campestris, PAL transcripts accumulate with a time course similar to that seen in tissues that had not been pretreated. 62 Thus, LPS appears to prime the plant to respond more rapidly to pathogen challenge by activation of two of the steps involved in the synthesis of FT and CT, although the compounds are formed only following bacterial inoculation, which is associated with the activation of transcription of PAL genes, presumably by bacterially derived signals.
The ability of LPS to induce or potentiate different plant defence responses is reflected in the effects of LPS pretreatment on the growth kinetics of pathogens in normally susceptible plants. 62 In many cases, bacteria grow more slowly and attain a lower final population size in plants that have been pretreated with LPS compared with untreated plants (see Fig. 2A ). In some cases, the bacterial population decreases rapidly upon inoculation into an LPS-treated leaf. 62 
LPS acts to suppress the HR in dicot plants
Perhaps the first effect of LPS on plants to be described was the ability to prevent the HR programmed cell death response. 6, 11 This phenomenon was first described over three decades ago, although the molecular basis remains obscure. The discovery of this effect of LPS on plants arose from observations that infiltration of heat-killed Ralstonia solanacearum bacteria into leaves of tobacco delayed or prevented the appearance of the HR when the leaves were subsequently inoculated with live bacteria. By cellular fractionation studies, the activity responsible for the prevention of the HR was shown to reside in the LPS of R. solanacearum, specifically in the lipid A-core structure. The source of the LPS and the nature of the challenging bacterium appear to be irrelevant. The response is not restricted to tobacco and can be observed in both solanaceous and non-solanaceous dicotyledenous plants (see also Fig. 2B ). 35, 62, 65 The effect requires several hours to become established, which suggests that the protective mechanism depends on a plant response to LPS, and is highly localized to the site of LPS inoculation. In some cases, the refractory state is only present in a temporal window; if the period between LPS and bacterial inoculation is extended, HR is again observed. 62 These findings present a conundrum: if basal resistance responses and HR both contribute to plant defence, why does LPS activate the former but block the latter? An examination of bacterial population levels in LPS-treated plants offer one resolution to this paradox. The onset of HR is generally associated with a decline in the number of bacteria that can be recovered from the leaf. In contrast, in leaf A B tissue pretreated with LPS, although bacterial survival was considerably promoted, there was no overall increase in population size. 62 In other words, the prevention of HR did not apparently lead to an increased susceptibility of the tissue. It is plausible that the effects of LPS in prevention of HR and triggering basal defences allow the plant to express resistance without catastrophic tissue collapse.
Mechanisms for the prevention of HR are currently unknown, although impairment of the generation of the HR-inducing factor(s), impairment of delivery to the plant cell, alterations in the consequences of perception of the factor by the plant, or a (temporary) shutdown of the cell death pathway associated with HR could all play a role. 6 Recently, a mechanistic connection between MAMP-induced basal resistance and HR triggered by type III-secreted effectors has been made in Arabidopsis. Specifically, it was shown that the RIN4 protein, which is a target for the action of several type III-secreted effectors, also acts to down-regulate basal defences. 66 These findings are part of an expanding body of work aimed at understanding the molecular basis of HR induction, which might provide further insight into possible targets for the action of LPS in HR prevention.
In contrast to these effects in dicot plants, LPS from plant pathogens and non-pathogens induced programmed cell death in cultured cells of the monocot rice. 58 LPS used in these experiments were unable to trigger programmed cell death in cultured Arabidopsis cells. As far as we are aware, this is the first report of examination of the effect of LPS on monocots. Further experimentation is required to establish whether induction, rather than prevention, of programmed cell death is a fundamental difference in the response to LPS of monocots and dicots.
LPS as an inducer of systemic defences
Most of the effects of LPS on plants that are described above remain localised to the site of LPS inoculation. However, in some cases, the effects of LPS application are seen systemically. As outlined above, non-pathogenic rhizobacteria can trigger an induced systemic resistance (ISR), active against bacterial and fungal pathogens, when applied to the roots of plants. 67 Most of the rhizobacteria that induce ISR belong to the group of fluorescent Pseudomonas spp. LPS from P. fluorescens strains WCS417 and WCS374 can trigger ISR in radish and carnation to the same extent as live bacteria. 68 Mutant bacteria that lack the O-antigen side chain are not inducers, an observation that suggests that the Oantigen is the part of LPS responsible for the effect. 67 Neither live cells of P. putida WCS358 nor LPS purified from this strain are active, which suggests a degree of specificity. In Arabidopsis thaliana, P. putida WCS358, but not P. fluorescens WCS374, can induce ISR, a converse situation to that found in radish. 69 P. fluorescens WCS417 and LPS derived from this strain are both active in Arabidopsis thaliana as in carnation and radish. However, a mutant of P. fluorescens WCS417 lacking the O-antigen still triggered ISR in A. thaliana, which indicates that, in this plant, the O-antigen cannot be the sole determinant of the response. 69 Systemic effects are also seen with LPS from other bacteria and against other pathogens. For example, LPS of Rhizobium etli strain G12 acts in potato roots to induce systemic resistance to infection by the cyst nematode Globodera pallida. 70 
LPS activation of plant signalling pathways
Almost nothing is currently known about the mechanism by which LPS is perceived by plants, although some details of signal transduction mechanisms that occur as a consequence of recognition are emerging. As detailed above, LPS from diverse bacteria can activate the production of active oxygen species and NO in a range of different plants (Table 1 ). These molecules are known to activate the transcription of defence-related genes indirectly in many plants. 16 Dubery and colleagues have investigated signal transduction associated with the activation of defence responses in tobacco (Nicotiana tabacum) by LPS from an endophytic strain of Burkholderia cepacia through a study of host protein phosphorylation. 58, [71] [72] [73] Cultured tobacco cells responded to LPS addition by rapid phosphorylation of several proteins. 71 Both de novo (LPS-induced) phosphorylation and changes in level of phosphorylation of existing (phospho)proteins were observed. LPS-induced phosphorylation targets included G-protein coupled receptor signalling, Ca 2+ / calmodulin-dependent signalling pathways, H + -ATPase regulation of intracellular pH, thioredoxin-mediated signalling and 14-3-3 regulatory proteins. However, phosphorylation was not restricted to signalling proteins; heat shock proteins, protein biosynthesis and chaperones as well as cytoskeletal tubulin were also targets. The role of protein phosphorylation in the various cellular responses to LPS was investigated pharmacologically. 73 The protein kinase inhibitor, staurosporine, totally inhibited the extracellular alkalinization response induced by LPS from Burkholderia cepacia, but only partially inhibited the oxidative burst. Inhibition of protein phosphatase activity by calyculin A intensified the responses to LPS. These findings implicate protein phosphorylation as a signal transduction mechanism leading to at least some LPSinduced responses in plants.
In parallel experiments, it was shown that treatment of leaves of Nicotiana tabacum with B. cepacia LPS resulted in the rapid and transient phosphorylation of an extracellular signal-regulated (ERK)-like mitogen-activated protein (MAP) kinase. 72 Optimal activation with 100 µg/ml LPS occurred after 7 min. Hydrogen peroxide was either not generated in leaf tissue in response to LPS elicitation or, if generated, did not trigger the phosphorylation of the kinase. This is consistent with data on other MAP kinases, which have been shown to act either independently or upstream from reactive oxygen intermediates produced during the oxidative burst. Furthermore, the production of reactive oxygen species is not invariably associated with LPS application to plant tissue or cultured plant cells.
Plant receptor-mediated endocytosis of LPS and other PAMPs
In a different approach towards understanding LPSinduced signalling, Niehaus and colleagues have examined the fate of LPS applied to tobacco cells using purified LPS from X. campestris pv. campestris labelled with fluorescein isothiocyanate (FITC). 74 LPS was rapidly bound to the cell wall and then internalized into the cells in a temperature-and energy-dependent fashion. Uptake of FITC-labelled LPS could be out-competed by the addition of an excess of unlabelled LPS. Furthermore, uptake was blocked by amantadine, an inhibitor of receptor-mediated endocytosis in mammalian cells. LPS within cells was co-localised with endosomal structures. After an extended period following a pulse of FITC-labelled LPS, fluorescence was observed exclusively within vacuoles and was absent from structures within the cytoplasm. The internalization of the X. campestris pv. campestris LPS appeared to involve specific recognition processes since unlabelled Sinorhizobium meliloti LPS was not able to out-compete the uptake of the FITC-labelled X. campestris LPS. 74 These findings raised the possibility that plants have a receptor-mediated endocytosis pathway comparable to that of animals.
Ligand-induced internalisation of MAMP receptors in plants is not restricted to LPS. An endocytotic uptake mechanism for FLS2, the receptor for the PAMP flagellin (or a derived peptide flg22) has recently been described. 75, 76 There are considerable mechanistic parallels between flg22-induced endocytosis of FLS2 in plants and ligand-induced endocytosis of the Toll-like receptor TLR4 in animals. 76 In this latter case, LPS perception by the binding protein CD14 triggered relocation of TLR4 into endosomes. 77 LPS was co-internalized with TLR4 and its interacting partner MD-2, but was still active in certain signalling pathways when internalized. TLR4 endocytosis was found to be primarily important for attenuating LPS signalling transmitted from the cell membrane because its inhibition led to an increase in the LPS response. 77, 78 Parallels between LPSinduced TLR4 endocytosis in animals and flg22-induced FLS2 endocytosis may extend to LPS endocytosis events in plants, although as yet no receptors or binding proteins for LPS have been described for plants (see below).
LPS from symbiotic bacteria can have different effects on plants to those of pathogens
Bacterial symbionts have evolved a range of strategies to evade, overcome, suppress or fail to induce plant defence responses that might prevent the very intimate interactions that these bacteria have with plants. Some of these strategies are shared with pathogenic bacteria, whereas others are very specific for rhizobia. 79 In particular, a number of reports indicate different effects of LPS from rhizobia on plant responses to those seen with LPS from pathogens (Table 1) .
LPS interactions with root hairs can have a significant impact on successful development of infection threads (structures within which bacteria penetrate the root cortex prior to the development of nodules) in Rhizobiumlegume symbiosis. 80 Application of LPS from Rhizobium leguminosarum bv. trifolii to white clover roots at doses up to 5 µg per plant promoted infection thread formation. Higher doses of LPS inhibited this response. This effect was localised to the region of the root present at the time of exposure to LPS and was triggered by serologically distinct LPS from several wild-type R. leguminosarum bv. trifolii strains. In contrast, infections were not increased by pre-application of LPS from other rhizobia or nonsymbiotic enteric bacteria. LPS from R. leguminosarum bv. trifolii cells in the early stationary phase was more effective than from cells in the mid-exponential phase; the two LPS preparations differed in composition of both carbohydrate and non-carbohydrate substituents. 80 LPS also has a role in signalling required for successful interaction of Azorhizobium caulinodans with its host Sesbania rostrata. 81 The molecular dialogue between the partners in this interaction involved sequential signalling, firstly by nodulation (Nod) factors to trigger the onset of the nodulation and invasion programme, and then by LPS to inform the plant to proceed with the symbiotic interaction and to develop a functional fixation zone. 81 Although LPS from Sinorhizobium meliloti elicited an oxidative burst in cell suspension cultures of the nonhost plant tobacco (Nicotiana tabacum), it had no apparent activity in cell suspension cultures of host plants alfalfa (Medicago sativa) and the model legume Medicago truncatula. 50, 82 Furthermore, S. meliloti LPS was able to suppress the (invertase-induced) production of reactive oxygen species in cultures of these latter plants. Lipid A alone was sufficient for the suppression of the oxidative burst. 82 Lipid A was, however, not active as an inducer of the oxidative burst in cell cultures of the non-host Nicotiana tabacum, although a variant LPS with altered core region retained inducing activity. 82 It is currently not reported whether LPS and lipid A from other bacteria have the same suppressive effects on the oxidative burst in legumes as LPS and lipid A of S. meliloti. Consequently, it is not possible to say whether suppression of the oxidative burst in legumes is a specific effect of certain rhizobial LPS or an effect common to LPS from diverse sources. Intriguingly, almost all agrobacteria LPSs (which attack a range of plants) possess LPSs that are built of the same lipid A as S. meliloti, 45 which opens the possibility that LPS suppression of host defences may have a wider role in microbe-host interactions (Fig. 3) .
Specific effects of rhizobial LPS, if they occur, could reflect differences in the structure of the lipid A moiety. Although the structure of lipid A from different bacteria can vary slightly, in some rhizobial species it is remarkably different as described above. Whether such dramatic changes in lipid A structure found in R. leguminosarum and R. etli alters their ability to be recognised by plants or the consequences of that recognition is currently unknown. Lipid A phosphatases that attack either the 1-or the 4′positions have been identified in extracts of R. leguminosarum and R. etli. 83, 84 The lpxE gene encoding the R. leguminosarum lipid A 1-phosphatase has been cloned. 85 The ability to modify lipid A phosphorylation through heterologous expression of lpxE offers an experimental approach to address aspects of the functional relationship of lipid A phosphorylation to plant signalling.
Plants can recognize different structures within LPS to elicit defence responses
The body of work described above supports the view that, as in the animal innate immune system, recognition of the lipid A moiety may be at least partially responsible for many (but certainly not all) of the effects of LPS in plants. This is consistent with the notion of LPS as a PAMP (or MAMP), since most of the distinguishing structural features of lipid A are conserved between LPS from different bacteria. However, the role of the core oligosaccharide and O-antigen structures within LPS in the triggering of plant responses should not be overlooked. The core region of LPS has an established influence on lipid A toxicity in animals, indicating that elucidation of the structure and of the biological activity of both lipid A and core region are of high importance for a better understanding of LPS action in plants. 86 Furthermore, there is considerable O-antigen structural variability in plant-associated bacteria, 87 the significance of which remains unclear. 78 Newman, Dow, Molinaro, Parrilli Fig. 3 . The chemical structure of lipid A from E. coli and S. meliloti. The figure describes the archetypal LPS lipid A from E. coli and the very different lipid A chemical structures of the lipid A from S. meliloti that is chemically very similar to Agrobacterium tumefaciens lipid A. 43, 45 The dotted lines indicate non-stoichiometric bonds.
Synthetic O-antigen polysaccharides have been used to examine the role of the O-antigen in triggering plant defences. 88 The O-antigen of the LPS from many phytopathogenic bacteria comprises a rhamnan backbone with the trisaccharide repeating unit [α-L-Rha-(1→3)-α-L-Rha-(1→2)-α-L-Rha-(1→3)]. This trisaccharide was synthesized and oligomerized to obtain hexa-and nonasaccharides. These rhamnans were effective in eliciting transcription of the defence-related genes PR1 and PR2 and in suppression of the HR in Arabidopsis thaliana. 88 Conformational analysis of the oligorhamnans by NMR spectroscopy and molecular dynamics calculations revealed that a coiled structure develops with increasing chain length of the oligosaccharide. 88 This is associated with increasing efficacy in HR suppression and PR gene induction. The coil structure may, therefore, be a plant-recognizable PAMP. These findings are currently being extended through the examination of other, structurally distinct, synthetic O-antigens. 89 This work should provide insight into some of the potential roles of O-antigen variation in triggering responses in different plants.
As with the synthetic O-antigen, the LOS of X. campestris pv. campestris is able to elicit defencerelated gene expression and HR suppression in Arabidopsis thaliana. 35 The molecular basis for these effects was examined by determination of the complete structure of purified Xcc LOS and chemically obtained fragments and assessment of their relative ability to trigger plant responses. 35 Structural analyses revealed that LOS of X. campestris pv. campestris is a unique molecule with a high negative charge density and a phosphoramide group in the inner core region. As with intact LOS, the lipid A and core oligosaccharides derived from it were able to induce the defence-related genes PR1 and PR2 and to prevent the HR in Arabidopsis. LOS induced defence-related gene transcription in two temporal phases. However, the core oligosaccharide induced only the earlier phase and lipid A induced only the later phase. These findings suggest that plant cells can recognize lipid A and core oligosaccharide structures within LOS to trigger defensive cellular responses and that this may occur via two distinct recognition events. 35 An interesting extension to these experiments would be to investigate the effects of lipid A and core oligosaccharides in a range of plants and plant families which are hosts or non-hosts for X. campestris. The findings that plants can recognize different structures within LPS to trigger the same defence responses have implications for the design of experiments aimed at the isolation and functional characterization of LPS receptors (see below).
De-phosphorylation of the LOS with anhydrous HF gave rise to a molecule with a single negative charge on the Kdo residue of the inner core. This molecule was unable to induce any tested defence response in A.
thaliana, suggesting a key role for the charged groups in LOS (i.e. phosphate, phosphoramide and galacturonic acid residues) in recognition of both lipid A and core oligosaccharide by putative plant receptors. 35 The molecular conformation of the lipid A component is strongly influenced by both the net negative charge and its distribution within the hydrophilic headgroup and by the degree of acylation. 90, 91 These differences in shape have consequences for the biological activity of lipid A and derivatives in human cells; only conical molecules exhibit endotoxicity, whereas cylindrical molecules are inactive. 90, 91 It would certainly be of interest to use different LOS and lipid A derivatives to examine whether a similar relationship between conformation and biological activity occurs for plant systems.
What about LPS receptors in plants?
Nothing is currently known about the nature of LPS receptors in plants. Consequently, we are restricted to speculations based on current knowledge of the mechanisms of LPS perception by animal cells and the recent advances in our understanding of perception of flagellin and other PAMPs and pathogen-derived molecules by plants. Two types of LPS receptor described in animal cells, the surface localised Toll-like receptor TLR4 92 and the intracellular Nod proteins, 93 have structural similarities to receptor proteins in plants (see Fig. 4 ). 19, 20 Several other proteins (LPS binding protein [LBP], CD14 and MD-2) act as accessory elements for LPS recognition by TLR4. 94 MD-2 is directly involved in ligand binding and subsequent receptor activation, whereas LBP and CD14 control ligand presentation to the TLR4/MD-2 receptor complex. Nod proteins respond to LPS-derived signals independently of TLR4. 93 The Toll-like receptor TLR5 is responsible for flagellin perception in mammals. 95 Both TLR4 and TLR5 have extracytoplasmic leucine-rich repeat sequences (LRRs) linked via a trans-membrane domain to a cytoplasmic Toll-interleukin receptor (TIR) domain. 92 This latter domain interacts with an adaptor protein MyD88 to initiate signalling leading to innate immune responses.
The FLS2 flagellin receptor of A. thaliana also has extracytoplasmic LRRs, but a cytoplasmic serine/threonine kinase domain replaces the TIR domain found in mammalian TLR5. 18 FLS2 belongs to a large family of plant receptor-like kinases (RLKs) containing extracytoplasmic LRRs, other members of which are responsible for perception of bacterial Ef-Tu elongation factor (a MAMP), 22 certain bacterial effector proteins 92 as well as plant signalling molecules and hormones. Some intracellular plant receptors for type III-secreted effectors contain TIR domains and additionally have the nucleotide-binding/ apoptotic ATPase (NBS) domain and LRRs, which are also found in the mammalian NOD proteins. 97, 98 One example is RPS4, which recognises the bacterial effector AvrRps4 (Fig. 4) . On the basis of these structural similarities, it is tempting to speculate that perception of LPS by plants could involve surface-localised LRR-RLKs and/or intracellular TIR-NBS-LRR proteins. It should be pointed out that many such putative receptor proteins are encoded by plant genomes. In A. thaliana, there are at least 135 proteins with a TIR domain, 82 of which have the same domain organisation as RPS4. 99 In addition, A. thaliana encodes 600 RLKs, many of which like FLS2 have extracellular LRRs. 20 These structural similarities between animal and plant putative receptors do not, however, extend to all of the accessory proteins implicated in LPS signalling through TLR4. Although LBP is related to a family of lipid-binding proteins in A. thaliana, no proteins with significant sequence relatedness to mammalian LBP, MD-2 or CD14 are present. Furthermore, most plant defence responses thus far described require LPS application at the 5-50 µg/ml level, whereas CD14/TLR4-mediated perception of LPS is extremely sensitive and is activated by the ligand at concentrations in the picogram to nanogram per millilitre range. These considerations have led to suggestions that plants possess only low affinity systems to detect LPS. 47 L-selectins, which have affinity for LPS in the microgram per millilitre range, are one such low affinity systems found in animals. 100 It is also plausible that high-affinity recognition-response systems in plants do not act to trigger plant defences directly, but prime the plant so that, in response to further pathogen-derived signals, such responses are mounted 87 These leucine-rich repeat (LRR) proteins have a cytoplasmic Toll-interleukin-1 receptor domain (TIR) that initiates signal transduction. LPS is also independently recognised by the intracellular NOD1 protein, an NBS-LRR protein. 93 In plant cells (left-hand side), receptor-like kinases (RLKs) recognise a diverse range of signals including bacterial components flagellin (through Arabidopsis FLS2), 18 the EF-Tu elongation factor (through Arabidopsis EFR) 22 and an uncharacterized effector from Xanthomonas oryzae (through rice Xa21). 96 These RLK proteins resemble the animal TLR receptors except that they have an intracellular serine/threonine kinase domain, rather than a TIR domain. 19, 20 Plant intracellular resistance proteins such as Arabidopsis RPS4 sense the presence of type III-secreted bacterial effectors (such as AvrRps4) and as TIR-NBS-LRR domain proteins are structurally similar to NOD. 97, 98 Kinase, serine-threonine kinase; NBS, nucleotide binding/apoptotic ATPase domain; LRRs, leucine-rich repeats; TIR, Toll-interleukin-1 receptor domain; CARD, caspase-recruitment domain. more rapidly or to a greater extent. This suggestion is open to experimental testing with structurally characterised LPS and pathogen-derived elicitors such as flg22.
Other LPS receptors in animals have also been described and may inform work on plants. Heat shock proteins (HSPs) 70 and 90, chemokine receptor 4 and growth differentiation factor 5 form an activation cluster after LPS ligation and are involved in LPS signal transduction. 101 HSP90 from plants closely resembles the mammalian protein and, intriguingly, has been implicated as a cofactor in disease resistance of Nicotiana benthamiana to bacterial and viral pathogens. 102 The role of HSP90 is associated with stabilization of protein levels of a receptor that triggers viral resistance, an activity that probably occurs in conjunction with other proteins. 102 
Lipid A may occur in plants
Although it is considered that lipid A is restricted to prokaryotes, recent protein, DNA and expressed sequence tag (EST) databases indicate that higher plants and algae contain homologues of the E. coli genes encoding enzymes of lipid A biosynthesis. EST-analysis of the thermo-acidophilic red microalga Galdieria sulphuraria reveals potential for lipid A biosynthesis, with the first two steps of the pathway being encoded by the plastid genome, whereas the later steps are nuclearencoded. 103 In A. thaliana, all putative lipid A biosynthesis genes are nuclear, and the encoded proteins contain the key residues known to be essential for catalysis in the E. coli system. As with LPS from Gram-negative bacteria, lipopolysaccharide from the green alga Chlorella stimulates exocytosis of the Limulus blood cell and the clotting of coagulin. 104 Furthermore, using affinity reagents and histochemical staining, lipid A has been detected in freeliving and endosymbiotic green algae and in the chloroplasts of vascular plants. 105 Lipid A may have appeared in plants following symbiosis with cyanobacteria. The function of lipid A in plants remains obscure; it may have a structural role in certain plant membranes or could conceivably function in signal transduction.
Concluding remarks
A greater understanding of the mechanisms by which bacterial determinants such as LPS elicit defence responses may have considerable impact on the improvement of plant health and disease resistance with consequent benefit to society. To achieve such an understanding will require an integrated approach combining state-of-the-art physical chemistry, microbial molecular biology, nano-and glyco-technology and plant molecular biology. The roles of the different moieties within the tri-partite LPS molecule in triggering diverse plant responses are thus far poorly understood. Current approaches to dissecting the role of lipid A, core oligosaccharide and O-antigen components involve use of LPS variants generated by mutation of bacteria and lipid A and core oligosaccharides derived from LPS or LOS by chemical treatments. For meaningful comparisons, these preparations need to be fully defined structurally, as for example, LOS derived from bacteria with alterations in the core oligosaccharide can have altered substitutions in the lipid A moiety. A further approach to address this issue could exploit the synthesis of neoglycoconjugates with defined structural differences from the natural parent molecule, followed by examination of any biological effect in the different assays.
Thus far, LPS preparations used for the analysis of plant responses and for structural studies have been derived from bacteria grown in culture. We know almost nothing about the alterations in LPS that occur when bacteria are within plants, although this may be highly relevant to signalling in both symbiotic and pathogenic interactions. Changes could occur in both the size distribution of LPS (alteration in the ratio of LOS to LPS) and/or in decoration of LPS with saccharide or other constituents. Can micromethods be developed to analyse such changes in bacteria isolated from plants? Will transcriptome or proteome profiling of bacteria isolated from plants give clues as to possible LPS modifications?
Cloning and characterisation of LPS receptors in plants is a major goal in this area. A plant molecular genetic approach to cloning LPS receptors would be to screen a range of ecotypes or a mutagenised population of a single ecotype of model plants such as the crucifer Arabidopsis thaliana, or legumes Lotus japonicus and Medicago truncatula for variations in a particular response to LPS. Plant mutants showing an altered response may carry mutations in genes involved in LPS perception or signal transduction. The genes responsible could then be isolated by map-based cloning methods. Since the available evidence indicates that Arabidopsis can recognize different structures within LPS to trigger the same defence responses, and that perception of these different structures may occur independently, it follows that any strategy to clone LPS receptors in this fashion has to use a 'minimal' sub-structure, of which lipid A or a derivative is perhaps the best candidate. Other cloning strategies could employ immobilized or tagged LPS to isolate proteins that physically interact with the ligand. Such binding proteins could then be characterized by peptide mass fingerprinting. Immobilization could involve the construction of 'glycochips' or attachment of LPS or derivatives to nano-gold particles.
The knowledge of the nature of LPS receptors may allow improvement of basal resistance in plants. This could be achieved either by genetic modification or by breeding programmes in which there is a directed selection for specific genes of choice. Manipulation of the expression of the cognate genes in different plants by transgenic technology may enhance resistance responses upon perception of LPS. This would have to be done in a rational manner since many interactions between bacteria and plants are beneficial to the plant. Nevertheless, an enhanced capacity to respond to LPS expressed, for example, in cells of structures of the leaf such as hydathodes and stomatal cells, which act as portals of entry of foliar pathogens, could well contribute to improved plant disease resistance. In the area of biocontrol and the induction of ISR, an understanding of the specificity for different LPS structures of receptors found in plant roots could conceivably help in the selection of specific bacteria for use in biocontrol consortia. Many plants carry endophytic bacteria that may contribute to disease resistance by interference with the activities of pathogens. Manipulation of the LPS in these organisms may enhance this capability. In conclusion, we expect that the next few years will see a substantial increase in our understanding of the processes of LPS perception and signal transduction in plants through the deployment of cross-disciplinary approaches and ever-expanding range of molecular experimental tools.
